Nutrient-rich antioxidant ingredients were produced from tomato fruit wastes using a microwave-23 assisted extraction (MAE) process. Different conditions of extraction time (t), temperature (T), 24 ethanol concentration (Et) and solid/liquid ratio (S/L) were combined in a circumscribed central 25 composite design and optimized by response surface methodology. The model was statistically 26 validated and used for prediction in the experimental range. Under the global optimal MAE 27 conditions (t= 20 min, T= 180 ºC, Et= 47.4% and S/L= 45 g/L), it was possible to obtain an 28 extraction yield of 75.5% and ingredients with high levels of sugars, proteins, phenolics, and 29 flavonoids, and interesting antioxidant properties measured via ABTS
Introduction 58
The strict legislation for human health and environmental safety implemented today, and the 59 emergence of novel methodologies for the extraction, fractionation, and recovery of biomolecules 60 have caused great interest in plant-derived waste valorisation. Different kinds and amounts of agri-61 food wastes are produced within the food-supply chain, representing a disposal problem for the 62 industry (FAO, 2013), but promising sources of nutrients and phytochemicals (Ravindran & 63 Jaiswal, 2016; Riggi & Avola, 2008) . Thus, the sustainable use of plant-derived wastes for recovery 64 of added-value compounds with potential application in the food, feed, biotechnological, and 65 pharmaceutical industries may help to tackle the societal challenges of the 21 st century. 66
The recovery of valuable molecules from agri-food wastes and its recycling inside the food chain as 67 food ingredients can be carried out following the so-called "5-stages universal recovery process" 68 (Galanakis, 2012 (Galanakis, , 2013 . This holistic approach includes: (1) macroscopic pretreatment; (2) 69 separation of macro-and micromolecules; (3) extraction; (4) purification/isolation; and (5) 70 encapsulation or product formation (Galanakis, 2012) heat the solvent and interacts directly with the free water molecules present inside the plant 80 material, resulting in a rapid build-up of pressure within cells and a pressure-driven enhanced mass 81 transfer of compounds into the solvent. This hot-spot technique has been indicated to achieve high 82 yields of specific phytochemicals (Deng et al., 2015) and to minimize its degradation and the 83 energy consumption (Strati & Oreopoulou, 2014 factor-at-a-time approaches do not evaluate interactive effects among variables and demand an 87 increased number of experimental trials. However, these problems can be overcome using the 88 response surface methodology (RSM), a collection of statistical and mathematical techniques based 89 on the fit of a polynomial equation to the experimental data, which must describe the behaviour of a 90 data set, with the aim of making statistical previsions (Bezerra, Santelli, Oliveira, Villar, & 91 Escaleira, 2008). When planning MAE experiments, it is also necessary to choose an appropriate 92 experimental design. The circumscribed central composite design (CCCD) is a common RSM used 93 and consists of a design with centre points and a group of axial points, also called star points, to 94 estimate the process curvature (Box & Hunter, 1957) . It is also important to carry out preliminary 95 studies to select relevant variables and centre the experimental domain. 96
Currently, there are large amounts of fresh tomato wastes resulting from the crop growing, as well 97 as during packaging, processing, storage, and sale, which consist of plant remains, green fruits, 98 turning fruits, red unmarketable fruits, and miscellaneous materials (Riggi & Avola, 2008) . In 99 addition, losses resulting from a surplus production of this crop can also occur. The fruit contains 100 large amounts of bioactive compounds (Barros et foods instead of chemically synthesized molecules (Carocho, Morales, & Ferreira, 2015) . Because 107 of this, the tomato wastes are promising cheap resources to be recovered and recycled inside the 108 food chain, in order to implement a sustainable strategy that addresses the current challenges of the 109 industrialized world. 110
In this sense, this study aims the valorisation of fresh tomato fruit wastes by establishing a MAE 111 protocol for production of nutritionally valuable ingredients with antioxidant properties based on a 112 CCCD. In this approach, the levels of total sugars, reducing sugars, proteins, total phenolics, and 113 total flavonoids were determined and used as dependent variables; as well as the antioxidant 114 activity, evaluated through the ABTS and OxHLIA in vitro assays, which was compared with the 115 results of typical commercial antioxidants used in the food industry. 116 117
Material and methods 118

Equipment, standards and reagents 119
Equipments: Microwave apparatus (Biotage ® Initiator + , Uppsala, Sweden) using closed high 120 precision glass vials. Multiskan Spectrum Microplate Photometer (Thermo Fisher Scientific, Inc., 121 Shanghai, China) using 96-well polypropylene microplates. 122
Standards and reagents: ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)), AAPH 123 (2,2′-azobis(2-methylpropionamidine) dihydrochloride), trolox (6-hydroxy-2,5,7,8-124 tetramethylchroman-2-carboxylic acid), BHA (butylated hydroxyanisole), BHT (butylated 125 hydroxytoluene), PG (propyl 3,4,5-trihydroxybenzoate), TOC ((2R)-2,5,7,8-tetramethyl-2-126
[(4R,8R)-(4,8,12-trimethyltridecyl)]-6-chromanol or α-tocopherol), ETX (6-ethoxy-2,2,4-trimethyl-127 1,2-dihydroquinoline or ethoxyquin) and TBHQ (tert-butylhydroquinone), with a purity higher than 128
Unmarketable ripe red tomato (Lycopersicon esculentum Mill.) surpluses from a farmers' variety 135 (locally known as "tomate redondo") were directly obtained from a local producer in Miranda do 136 Douro, North-eastern Portugal. Pericarps without seeds, corresponding to most common tomato 137 wastes, were lyophilized (Free Zone 4.5, Labconco, Kansas City, MO, USA), reduced to a fine 138 dried powder (20 mesh) and kept at -20 °C until analysis. 139
Microwave-assisted extraction 140
The MAE process was performed in a microwave apparatus using closed vials of 20 mL (final 141 volume). The powdered dried samples were extracted at different time (t), temperature (T), ethanol 142 concentration (Et) and solid/liquid ratio (S/L) ranging as defined by the RSM experimental design 143 presented in Table A1 . During extraction, samples were stirred at 600 rpm and irradiated at 200 W. 144
After that, the reaction mixture in the closed vial was quickly cooled in the processing chamber and 145 then centrifuged at 6000 rpm for 10 min. The supernatant was carefully collected, evaporated under 146 reduced pressure to remove the solvent and finally re-suspended in distilled water for further 147 analysis. A full diagram of the process performed is presented in Figure A1 . 148 149
Evaluation of the extraction yield 150
The extracted residue (%) was evaluated gravimetrically in crucibles by partially evaporating the 151 water at 60 ºC followed by a treatment at 105 ºC during 24 h. 152 153
Evaluation of compositional parameters 154
Total sugars (TS) were evaluated by the phenol-sulphuric acid method using glucose as standard 155 The total protein content (PROT) was calculated by multiplying the total nitrogen content by the 160 conversion factor of 6.25 (Havilah, E.J., Wallis, D.M., Morris, R., Woolnough, J.A., 1977) and 161 expressed in mg per g of extract (mg/g E). 162
The total phenolic content (TPC) was determined by the Folin-Ciocalteu method with some 163 modifications (Pereira, Barros, Carvalho, & Ferreira, 2011) using gallic acid as standard and 164 expressed as mg of gallic acid equivalents (GAE) per g of extract (mg GAE/g E). 165
The total flavonoid content (TFC) was determined by the colorimetric method as described suggests that some radical-generating properties of the system can be saturated (Gieseg & 178 Esterbauer, 1994) . In general, these patterns can be adjusted by a group of mathematical 179 expressions (mechanistic or not) that translates the pattern of the response into parameters that 180 allow to deduce the meaning and/or quantify the effect of the dependent variable in a simple and 181 global mode. The applicability of different mathematical expressions to quantify the antioxidant 182 response have been discussed (Prieto, Vázquez, & Murado, 2014) . In this sense, the Weibull 183 cumulative distribution function was selected (Weibull & Sweden, 1951) . Thus, the variation of the 184
ABTS
•+ response (R) in function of increasing concentrations of an antioxidant (A) was described 185 using the Weibull model rearranged for our own purposes according to Eq. (1). 186 
where n is the optical density measure at the start of the reaction (0) or at any t (min) and n max is the 201 maximum optical density of the complete haemolysis. Then, the time to reach 50% of the survival 202 population (IC 50 ) was obtained graphically for an increasing concentration of an antioxidant. 
Experimental design 222
A five-level CCCD coupled with RSM was applied to optimize the MAE conditions for production 223 of nutritionally valuable ingredients with antioxidant properties from tomato wastes. It was intended 224 to produce a final product with potential as a food additive or ingredient for fortification and 225 functionalisation purposes. For this, the four independent variables of extraction time (min, X 1 ), 226 temperature (ºC, X 2 ), ethanol concentration (%, X 3 ) and solid/liquid ratio (g/L, X 4 ) were selected 227 based on a previous study (Pinela, Prieto, Barreiro, et al., 2016). The same study also found that the 228 microwave power do not influence the MAE process. The combined effects of these four variables 229 on the evaluated responses were evaluated in a CCCD as proposed by Box and Hunter (Box & 230 Hunter, 1957b). The optimization study was solved using 25 independent combinations and 7 231
replicates at the centre of the experimental domain, which, in other cases, could imply 625 possible 232 combinations. In this design, the experimental points are generated on a sphere around the centre 233 point (five levels of each factor), which is a supposed to be an optimum position for the response 234 and is repeated to maximize the prediction (Box, Hunter, & Hunter, 2005) . A detail description of 235 the mathematical expressions to calculate the design distribution and to decode and code the ranges 236 of the variables tested can be found in Table A1 of the Supplemental Material. 237
Mathematical modelling 238
The response surface models were fitted by means of least-squares calculation using the following 239 second-order polynomial equation: 240
where Y is the dependent variable (response variable) to be modelled, X i and X j define the 241 when a factor has a positive effect, the response is higher at the high level and when a factor has a 247 negative effect, the response is lower at the high level. The higher the absolute value of a 248 coefficient, the more important the weight of the corresponding variable (Heleno et al., 2016). 
Preliminary experiments 284
A preliminary study was carried out to centre the experimental domain of the variables and select 285 the relevant ones before RSM application. The parametric results obtained from the preliminary 286 analysis of the relevant system variables are presented in Table A2 . The extraction yield, TPC and 287 TFC were evaluated as responses. Only linear relations were found and the confidence interval of 288 the slope was used to test the statically significance (s) or non-significance (ns) of the independent 289 variable on the evaluated response. Other statistical information such as the correlation coefficient 290 and F test are also displayed. Et and S/L had significant effects on the three measured responses. 291
The T induced significant effects on TPC and TFC. The t was only significant for TPC. The 292 absorption level, an internal factor of the instrument software, did not induced significant changes 293 on the evaluated responses. These results are in agreement with those reported in a study to 294 optimize the extraction of hydrophilic and lipophilic antioxidants from a surplus production of 295 tomato (Pinela, Prieto, Barreiro, et al., 2016) . 296 297
RSM analysis 298
Determination of the parameters that will be used as responses for the analysis of the 299
antioxidant behaviour in the RSM 300 Table  328 A3. The parameter b is the intercept (min) which corresponds to the haemolytic time of the reaction 329 without antioxidant (control) and m is the slope of the process (min/g E) that measures the sample 330 capacity to extend the half-life of the erythrocyte population. Therefore, the higher the m value, the 331 higher the antioxidant capacity of the extract, i.e., the higher free radical-induced membrane 332 damage inhibition capacity of the extracts. The highest response (16.8 min/g E) was achieved with 333 the run nº 16. 334
Mathematical models developed from the CCCD with four variables 335
The results obtained according to the statistical CCCD are shown in Table 1 
for the RS: 65.1 5.6 6.3 6.1 8.0 3.5 9.9 2.1
for the TPC: 
for the OxHLIA: 8.4 1.9 1.5 3.1 1.1 0.75
where X 1 (extraction time), X 2 (temperature) 
Extraction yield 358
The results of the extraction yield are presented in Table 1 . The amount of extracted residue ranged 359 from 52.58 to 73.51 % with the experimental runs no. 22 and 5, respectively. Figure 3 shows that 360 the increase in T and S/L increased the extraction yield. The interaction between these two variables 361 (Table 2) is represented in the 3D graph of Figure 2 , where it can be seen that despite the higher 362 extraction yield occurred at higher T and S/L, low ranges of these variables also induced a positive 363 effect in the response. In turn, the increase in Et up to 24.7 % increased the quantity of extracted 364 residue, but the response gradually decreased at higher Et (Figure 3) . The negative interaction 365 between this variable and S/L is shown in Figure 3 ; the higher responses were obtained at high S/L 366 and low Et and at low S/L and high Et. The optimal extraction conditions (t= 2 min, T= 180 ºC, Et= 367 24.7 % and S/L= 45 g/L) originated a extraction yield of 78 % ( Table 3) . 368
Compositional parameters 369
The amounts of TS, RS, PROT, TPC and TFC in the different extracts produced under the RSM 370 experimental design are presented in Table 1 . The TS content ranged from 482.8 to 726.1 mg/g 371 extract, while the quantity of reducing sugars ranged from 324.7 to 543.5 mg/g E. Curiously, these 372 responses were affected in a contrary way as can be seen in the 2D individual responses of Figure  373 3. Longer t and higher T decreased the TS content in a non-linear way (Table 2) , but a positive 374 interaction occurred between these variables. This interaction is visually represented in the 3D 375 graph of Figure 1 . In turn, the amount of RS was higher in the extracts obtained with a longer t and 376 a higher T and S/L, but with a lower Et. In fact, while pure ethanol was appropriated to extract total 377 sugars, water was suitable for the recovery of RS. From the analysis of Table 2 and Figure 1 , it can 378 be concluded that the higher levels of RS were obtained when using higher Et and lower t, but an 379 improvement was also found when using a low Et and a longer t. Comparable interaction were also 380 found among the variables Et and T. The optimal processing conditions for TS were: t= 2 min, T= 381 71.9 ºC, Et= 100 %, and S/L= 5 g/L, and for RS were: t= 20 min, T= 176.3 ºC, Et= 0 %, and S/L= 382 41.5 g/L; Table 3 ) and originated the amounts of 791.9 and 619.5 mg/g extract, respectively. The Table 3 ) it was possible to achieve a level of 88 mg of PROT per g E. In a previous study, 396
Roselló-Soto et al. (2015) observed that the independent variable Et also significantly affects the 397 PROT recovery from olive (Olea europaea L.) kernel samples extracted for 20 min and pretreated 398 with high voltage electrical discharges. The PROT yield was higher when 25% Et was used and 399 decreased with higher percentages. The suitability of pretreatments with high voltage electrical 400 discharges and 5 h extractions with 30% Et for obtaining protein-rich extracts from blackberries 401 (Rubus fruticosus L.) was also demonstrated by Barba et al. (2015) . 402
The phenolic compounds are important hydrophilic constituents of tomato. In this study, the levels 403 of TPC ranged from 4.98 to 38.63 mg GAE/g E and the TFC varied from 0.16 to 2.86 mg CE/g E 404 ( Table 1) . In both cases, the highest levels were measured in the extract obtained with the 405 experimental run no. 20. In general, the studied independent variables had similar effects on the 406 extraction of TPC and TFC (Figure 2) , dependent variables that were found to be significantly 407 correlated ( Table A4 ). The interactive effects between T and t are illustrated in the 3D graphs of 408 Table A4) . 424
Antioxidant activity 425
The results of the antioxidant activity of the different tomato waste extracts are presented in Table  426 1. While the ABTS
•+ scavenging activity was higher when lower Et (3.4 %) and S/L (5 g/L) were 427 used, the OxHLIA exhibited a better performance at higher levels of these variables (Et= 100 % and 428 S/L= 45 g/L) (Figure 3) . However, the variable S/L did not had a significant effect on the inhibition 429 of free radical-induced membrane damage in the sheep erythrocytes ( Table 2) increasing need to develop and use health-promoting natural antioxidant ingredients in foods 444 (Carocho et al., 2015) . In this study, the antioxidant activity of the extracts was compared to the 445 activity of commercial antioxidants communally used in the food industry. Table A3 provided 
Conclusions 475
The valorisation of tomato wastes for production of nutrient-rich antioxidant ingredients is a 476 sustainable strategy that can contributes to a bio-economy and helps to tackle the societal challenges 477 of this century. In fact, this study addresses modern concepts of green chemistry, namely the 478 Table  3 . The obtained parametric fitting values that describe the response are presented in Table 2 . Tables   Table 1 : Numerical values of the responses obtained under the conditions designed in the RSM design. The values of the compositional analysis were achieved by common spectrophotometer methods. The estimated numerical values of vm (nM ABTS/g E) and m (min/g E) were achieved using the Eq. (1) and Eq. (4), respectively, and used as responses. Tables in the supplemental material   Table A1 : Coded and natural values of the optimization parameters used in the response surface analysis. The four independent variables X 1 (time, min), X 2 (temperature, ºC), X 3 (ethanol concentration, %) and X 4 (solid/liquid ratio, g/L) were combined in a five-level factorial design of 25 combinations and 7 replicates at the centre of the experimental domain. Table A2 : Parametric results obtained to the preliminary analysis of all relevant system variables of microwave technique. As starting point only three responses were evaluated, the extraction yield, TPC and TFC. Only linear relations were found and the confidence interval of the slope was used to test the statically significance (s) or non-significance (ns) of the independent variable on the response. Other statistical information such as the correlation coefficient and F test are displayed. Table A3 : Parametric estimations and statistical information of the mathematical models of the Eq.
(1) for the ABTS free-radical scavenging activity and Eq. (4) for the OxHLIA method. All coefficients showed effects with significant parametric intervals at the 95% confidence level.
The estimated numerical values of vm (nM ABTS/g E) of Eq.
(1) and m (min/g E) of Eq. (4) were selected to evaluate the antioxidant response effectiveness and they consequently used as response criteria Table A4 : Correlation matrix between the compositional and antioxidant responses obtained. Table A3 . Table 3 . The obtained parametric fitting values that describe the response are presented in Table 2 . 
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